An experimental and theoretical study on smoldering combustion of the flexible polyurethane foam is presented. The experiments are conducted in a small scale and horizontally oriented combustion chamber with a forced forward air flow through the foam. The air flux is controlled by a flow meter. Temperature histories during the smoldering combustion are measured by the thermocouples to probe the structure of the smoldering process and to calculate the smoldering propagation velocity. The results show the increasing air supply contributes to both enhance the oxidation reaction and increase the heat loss. The integral method is employed to develop the theoretical model of the one-dimensional forward smolder. Comparison is made between the model and the experimental results and shows a good agreement.
The mechanism of smoldering combustion involves complex physical and chemical processes. A number of researchers [1] [2] [3] [4] [5] [6] [7] [8] have done some work to understand the propagation and extinguishing process of smoldering combustion. Ohlemiller [1] studied the chemistry and heat transfer involved in sustained smolder propagation, and developed a general model of propagation processes. Ohlemiller and Lucca [2] experimented and compared the characteristics of opposed and forward smolder. Two different reactions were founded in forward smolder, a nonoxidative pyrolysis reaction and a oxidation of the residue chars. Dosanjh and Pagni [3, 4] developed a model of smolder including two reaction zones: a nonoxidative pyrolysis reaction and a char oxidative reaction. Schult [5, 6] used large activation energy asymptotic methods to study the structure and the propagation of smolder wave. Torero [7, 8] experimentally studied the vertical smolder of polyurethane foam considering the buoyancy effect, and employed Dosanjh's theoretical model to correlate the experimental data.
The experimental results in literatures show that the oxygen supply plays a very important role in the smoldering combustion processes. In this paper, horizontally forwarded smoldering combustion of polyurethane foam with controlled oxygen supply is examined to further understand the characteristics of smoldering propagation. A theoretical model is developed using the heat-balance integral method [9, 10] . Results are compared with experimental data.
EXPERIMENTAL SETUP
The experiment configuration is shown in Fig 
EXPERIMENTAL RESULTS
Experiments are performed at several forward air fluxes to determine the effect of the oxygen supply. Figure 2 shows the foam sample after smoldering combustion with oxygen flux at 0.1 m 3 /h. It is observed that the foam approximately retains its integrity during the smoldering experiment. When the smolder reaction region approaches the thermocouple location, the foam temperature increases rapidly due to the heat transfer form the reaction region. When its temperature reaches a high enough value, the reaction of the foam starts and provides the heat to the foam ahead. After reaching a maximum, the temperature starts to decrease rather sharply because of the cooling of the forced fresh air. It is somewhat different from the vertical smoldering experiments by Torero [8] , who observed that the maximum temperature remained almost constant after the reaction region passed through the foam. Figure 3b shows the temperature profiles along the foam with increasing time. The distance of the two thermocouples is known, so the smoldering propagation velocity is calculated from the temperature histories of the thermocouples via two special thermocouples and the time interval between its isotherms. Figure 4a shows the smoldering propagation velocity along the foam sample in several oxygen fluxes. The smolder velocity along the foam remains almost constant during the smoldering process. It is seen in Fig. 4b that the smoldering velocity (average velocity alone the sample) increases firstly with the air supply. When the oxygen flux reaches about 0.11 m3/h, a maximum smoldering velocity is presented. It is the result of the balance between the heat release of the exothermic oxidation reaction and the heat transfer from reaction region to the surroundings. 
SMOLDERING MODEL
In this paper, smoldering is assumed to be one-dimensional and remains steady propagation. We divide the one-dimensional smoldering configuration into four regions by its physical and chemical characters (Schematic is shown in Fig. 5 ), The detailed chemistry of smolder is complicated. It is usually thought that the reaction can be described by a three-step reaction model given by Roger and Ohlemiller [11] : (1) Endothermic pyrolysis of the material, (2) Exothermic oxidative decomposition of the material, (3) Exothermic oxidation of the char. The char is not totally consumed by the oxidizer since char require more conditions of oxygen supply and temperature for the oxidation. We assume the material oxidation and char oxidation to be a one-step reaction and the residual char is unreactive. Therefore, the reaction model used in this paper is expressed as:
Fuel O Char Gases Q + → + +
Since smoldering combustion is generally oxygen limited, all oxygen is assumed to be consumed by the reaction. In our model, the material is assumed to be continuous with constant density and porosity. The thermal properties are assumed to be constant. The gas and solid are assumed to be in local thermal equilibrium. We assume the activity energy in the smoldering region is high enough to regard the reaction zone to be very thin compared to the length of the material. Thus the smoldering reaction region can be considered to be a plane Firstly, consider the heated virgin material region. Figure 6 shows the control volume of this region. The temperature profile in this region is assumed as:
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and the boundary conditions are: Obtaining the temperature profile from Eq. 1 and boundary conditions Eq. 2:
The conservation equation of energy in this region is expressed as:
where A ρ′ is the density of the gas after the smoldering reaction.
Applying the temperature profile (Eq. 3) and integrating from p x to 0 x provides: . γ is the stoichiometric coefficient oxygen/solid. H 2 is the heat of oxidation reaction per unit mass sample for smolder, and H 1 is the heat of pyrolysis per unit mass sample.
Finally consider the region of residual char. We assume this residual layer is unreactive and the char porosity is the same as the material. Also, the temperature profile is assumed as:
With the assumption of steady smoldering propagation, we neglect heat losses to the environment from char surface. Using the boundary conditions:
yields the temperature profile:
The conservation equation of energy is expressed as:
Where
, and 
In steady smolder with controlled air supply, the smoldering propagation velocity is constant and the smoldering wave structure remains steady. Therefore, 
We choose property values to calculate the smoldering velocity of the polyurethane foam in order to compare to our experimental results. The properties used in the calculation are obtained from literature [8, 12] and the experimental data: The ratio of the experimental and calculated smoldering velocity for different oxygen fluxes is presented in Fig. 7 . It shows that Eq. 19 predicts well the smoldering velocity for the oxygen flux lower than 0.11 m 3 /h. For the oxygen flux higher than 0.11 m 3 /h, the experimental smoldering velocities are lower than the theoretically predicted velocities. It is understandable, since some oxygen would move through the foam sample without reaction for higher air flow rate; however we assume that all oxygen is consumed by the reaction. The results of the correlation of the average smoldering velocity as a function of oxygen flux are presented in Fig. 8 . It shows that a good correlation of the smoldering velocities between modified model calculation and experimental measurement. The experimental results show the oxygen supply plays a very important role in the smoldering propagation. The increasing air flux through the foam not only enhance the oxidation reaction in the reaction region and release more heats, but also increase the heat loss by convective effects. The final smoldering propagation velocity is determined by the energy balance between the two functions. From the experimental results, it is shown that the smoldering velocity increases firstly and then decreases after reaches a maximum values at air flux of 0.11 m
